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Abstract 
The present study examined the external morphology and morphometry of the human 
embryonic inner ear membranous labyrinth and documented its three-dimensional 
position in the developing embryo using phase-contrast X-ray computed tomography 
and magnetic resonance imaging. A total of 27 samples between Carnegie stage (CS) 17 
and the postembryonic phase during trimester 1 (approximately 6–10 weeks after 
fertilization) were included. The otic vesicle elongated along the dorso-ventral axis and 
differentiated into the end lymphatic appendage and cochlear duct (CD) at Carnegie 
stage (CS)17. The spiral course of the CD began at CS18, with anterior and posterior 
semicircular ducts (SDs) forming prominent circles with a common crus. The spiral 
course of the CD comprised more than two turns at the postembryonic phase, at which 
time the height of the CD was evident. A linear increase was observed in the length of 
anterior, posterior, and lateral SDs, in that order, and the length of the CD increased 
exponentially over the course of development. Bending in the medial direction was 
observed between the cochlear and vestibular parts from the latero-caudal view, with 
the angle decreasing during development. The position of the inner ear was stable 
throughout the period of observation on the lateral to ventral side of the 
rhombencephalon, caudal to the pontine flexure, and adjacent to the auditory ganglia. 
The plane of the lateral semicircular canal was approximately 8.0°–14.6° with respect to 
the cranial caudal (z-)axis, indicating that the orientation of the inner ear changes during 
growth to adulthood. 
 
Key words: inner ear, membranous labyrinth, three-dimensional kinetics, human 
embryo, MR imaging, phase-contrast X-ray CT.
Introduction 
The inner ear has an elaborate structure and its development proceeds in a complex 
manner that can only be fully appreciated by a three-dimensional (3D) analysis. The 
membranous labyrinth of the inner ear has been subjected to 3D analysis since the 
introduction of wax plate reconstruction methods (Streeter, 1906), which have been 
used to model development from embryonic stages to the early fetus (30 mm 
crown-rump length) (Streeter, 1906; 1917; 1918). However, a staging system was not 
established at that time and as such, the findings are difficult to reconcile with events 
ascribed to currently employed Carnegie stages (CS), which are delineated according to 
the development of external and internal structures and not by size or number of days of 
development (O’Rahilly and Müller, 1987; 2006). 
Subsequent 3D reconstructions have used the CS system, including an 
investigation of membranous labyrinth development from CS14 to a fetus at 10 weeks 
of gestation (Arnold and Lang, 2001). We have previously reported a 3D analysis of 
inner ear development from CS16 to 22 (Yasuda et al., 2007). However, these studies 
provided limited information, since histological sections used for the reconstruction 
were prone to deformation and, consequently, inaccuracy. Furthermore, an adequate 
sample size is required for quantitative evaluations. Thus, a precise morphological and 
morphometric characterization of inner ear development is still lacking. 
Otic capsule formation is initiated parallel to the differentiation of the otic 
vesicle into the membranous labyrinth starting from CS16 (Arnold and Lang, 2001). 
The otic capsule becomes the bone labyrinth during fetal development and is lodged 
between the membranous labyrinth containing endolymph and a corresponding cavity 
containing perilymph. The membranous and bone labyrinths have similar—though not 
identical—structures (Hashimoto et al., 2005). The latter has been evaluated from a 
phylogenetic standpoint given its high degree of conservation between species (Spoor 
and Zonneveld, 1995; Gunz et al., 2012). The development of the bony labyrinth in the 
human fetus (9–29 weeks gestation) was recently investigated using high-resolution 
magnetic resonance imaging (MRI) (Jeffery and Spoor, 2004); the structure attains adult 
size between 17 and 19 weeks of gestation and is fully encapsulated by bone a few 
weeks later (Bast et al., 1947). Each part of the bony labyrinth follows distinct 
developmental kinetics, with some reaching maximum size only after birth (Richard et 
al., 2010). 
The present study investigated the external morphology and morphometry of the human 
embryonic inner ear membranous labyrinth and its 3D position within the body using 
phase-contrast X-ray computed tomography (PCXT) and MRI. The results reveal the 
precise morphological and morphometric growth programs of the inner ear and its 
limited movement within the body at each CS during the embryonic period.
Materials and Methods 
Human embryo specimens 
This study was approved by The Committee of Medical Ethics of Kyoto University 
Graduate School of Medicine, Kyoto, Japan (E986). Approximately 44,000 human 
embryos comprising the Kyoto Collection are stored at the Congenital Anomaly 
Research Center of Kyoto University (Nishimura et al., 1968; Shiota, 1991; Yamada et 
al., 2004). In most cases, pregnancy was terminated during the first trimester for 
socioeconomic reasons under the Maternity Protection Law of Japan. Some of the 
specimens (~20%) were undamaged, well-preserved embryos. Aborted embryos 
brought to the laboratory were measured, examined, and staged using the criteria of 
O’Rahilly and Müller (1987). A total of 54 inner ear organs from 27 human embryos 
were selected (CS17, n = 5; CS19, n = 4; CS18, 20, 21, 22, 23, and postembryonic 
phase (PE) in trimester 1, n = 3 each) that exhibited no obvious damage or anomalies. 
Samples ranged from about 6 to 10 weeks (42–70 days) post-fertilization. PE was 
defined as embryos that were more developed than those at CS23 (i.e., greatest length 
between 29.2 and 38.6 mm, approximately 8–10 weeks after fertilization) (O’Rahilly 
and Müller, 2006).
 
Image acquisition and data analysis 
The 3D PCXT image acquisition conditions are described elsewhere (Yoneyama et al., 
2011). Briefly, specimens were visualized with a phase-contrast imaging system fitted 
with a crystal X-ray interferometer (Yoneyama et al., 2004). The system was set up at 
the vertical wiggler beam line (PF BL14C) of the Photon Factory in Tsukuba, Japan. 
The white synchrotron radiation emitted from the wiggler was monochromated by a 
double-crystal monochromater using Si(220), expanded horizontally by an asymmetric 
crystal, and input into the imaging system. Generated interference patterns were 
detected by a large-area X-ray imager composed of a 30-µm scintillator, relay lens 
system, and water-cooled charge-coupled device camera (36 × 36 mm field of view, 
2048 × 2048 pixels, 18 × 18 µm each) (Momose, et al., 2001). The X-ray energy was 
tuned at 17.8 keV, and an exposure time of 3 s was used to obtain one interference 
pattern. The average intensity was about 300 counts pixel−1s−1, which allowed fine 
observations within a reasonable measurement time. 
 
MR images were acquired using a 7T MR system (BioSpec 70/20 USR; Bruker Biospin 
MRI GmbH; Ettlingen, Germany) with a 35-mm-diameter 1H quadrature 
transmit-receive volume coil (T9988; Bruker Biospin MRI GmbH). The 3D 
T1-weighted images were acquired using a fast, low-angle shot pulse sequence with the 
following parameters: repetition time, 30 ms; echo time, 4.037–6.177 ms; flip angle, 
40°; field of view, 22.5 × 15.0 × 15.0–42.0 × 28.0 × 28.0 µm3; matrix size, 636 × 424 × 
424–768 × 512 × 512; and spatial resolution, 35.4–54.7 µm3. 
PCXT was used to acquire 3D images of samples between CS17 and CS21, whereas 
MRI was used for samples at CS22 and later stages. The method of image acquisition 
was selected based on sample resolution and volume; that is, PCXT was used to acquire 
images at a higher resolution than could be obtained by MRI, but could not acquire 
images of samples with large volumes such that CS21 embryos represented the upper 
limit in terms of size. 
PCXT and MRI data from selected embryos were analyzed precisely as serial 2D and 
reconstructed 3D images. The structure of the inner ear was reconstructed in all samples 
using Amira software version 5.4.5 (Visage Imaging; Berlin, Germany). To measure the 
length of the cochlear duct (CD) and anterior, posterior, and lateral semicircular ducts 
(SDs) (Fig. 1A), the software module AmiraSkel was used to extract and determine the 
center line lengths of the CD and anterior, posterior, and lateral SDs. Inner ear length 
(IEL), maximum length between the endolymphatic sac and CD, the distance between 
the tip and plane of the basal turn of the CD (Lcdh), and the angle between the cochlear 
and vestibular parts (∠cdv) were also measured (Fig. 1B). 
 
Anatomical landmarks and position of the inner ear 
The 3D coordinates were initially assigned by examining the voxel position on 3D 
images using Amira (Fig. 1C, D). Bilateral lens vesicles, which become part of the eyes, 
were used as external anatomical landmarks. The infundibulum of the diencephalon 
(later pituitary gland) (Pg) and the cranial region of the first cervical vertebra (C1) were 
defined as internal anatomical landmarks, while the line connecting the Pg and C1 
served as the reference (z-axis) of 3D orthogonal coordinates (Gasser, 2006; Kagurasho 
et al., 2012). Dorsal and ventral points along the endolymphatic duct (Edd and Edv, 
respectively) were selected as representative inner ear landmarks. The lines connecting 
Edd and Edv served as the axis of the inner ear (Ax). The tilt angle between mid-sagittal 
plane, z-axis, and Ax was calculated using the 3D coordinates, while ∠a and ∠b were 
defined as the angles from the cranial view between the Ax and the mid-sagittal plane, 
and from the lateral view between the Ax and z-axis, respectively. ∠c was defined as 
the angle between the lateral SD and the z-axis.
Results 
Morphology of the inner ear membranous labyrinth 
Three dimensional reconstruction revealed the precise morphology of the inner ear 
membranous labyrinth at each CS (Fig. 2 and Supplemental Videos 1–8). The otic 
vesicle elongated along the dorso-ventral axis, curving along the lateral side of the 
rhombencephalon, which differentiated into the end lymphatic appendage and CD at 
CS17. The primordium of the SDs was visible as a broad triangular elevation in the 
middle of the otic vesicle at CS17. In two of six organs, no SDs were formed, while all 
three ducts formed in four of the organs at CS18. SDs were observed in all samples 
after CS19. The anterior and posterior SDs were visible as prominent circles with a 
common crus starting from CS18, while the lateral SD appeared as a small, skewed 
circle lacking a common crus to the anterior and posterior SD (Fig. 3). The anterior SD 
was the largest and present in one plane, while the lateral SD was twisted in the lateral 
view (Fig. 3C). The angle between the anterior and posterior SDs appeared wide at 
initial formation (between CS18 and 21), although they could not be measured owing to 
their small size and bending. 
The CD differentiated and elongated at CS17, and bending in the medial 
direction between the cochlear and vestibular parts was observed in the latero-caudal 
view (Fig. 2B). The edge of the angle became more prominent as development 
proceeded (Table 1 and ∠cdv in Fig. 2B); ∠cdv gradually decreased from 132.5° at 
CS18 to 112.5° at PE. The spiral course of the CD began from CS18. The CDs had less 
than a quarter turn at CS19; a quarter- to half-turn was visible at CS20, while at CS21 a 
half- or full turn was visible. At CS22, there were 1–1.5 turns; at CS23, 1.5–2 turns; and 
more than two turns were detected at the PE phase in all samples. CDs remained in 
nearly the same plane until CS23, at which time their heights could be discerned (blue 
arrow in Fig. 2B [PE]). Lcdh was 0.17 mm at CS22 and CS23, and increased to 0.42 
mm at PE (Table 1). 
The endolymphatic duct elongated and the endolymphatic sac swelled starting 
from CS18, assuming a flat and spoon-like shape at CS22. The appearance of the 
endolymphatic sac varied across samples. The saccule and ductus reuniens were visible 
in all samples after CS22 (Fig. 2B). In the membranous labyrinth, the posterior canal 
was shifted downwards over the lateral canal (red and green arrows in Fig. 3), while the 
cochlea was displaced forwards and upwards at the PE phase (black arrow in Fig. 3), as 
previously described (Sercer and Krmpotic, 1958). The three SDs were almost vertical 
with respect to each other at this phase. 
 
Length of CD and SDs 
The length of the SDs increased linearly over the course of development (Fig. 4). At 
every stage, the length of SDs was greatest in the anterior ducts, followed by the 
posterior and then lateral ducts. The length ratio of the anterior to lateral SDs was 
between 1.55 and 1.31, while ratios of 1.15 and 1.36 were determined between the 
posterior and lateral SDs (Table 1). The length ratios were nearly constant during the 
observation period. The length of the CD increased exponentially and exceeded the 
length of anterior SDs at CS23. 
 
Position of the inner ear membranous labyrinth with respect to the embryonic brain 
The bilateral inner ear membranous labyrinth was located lateral to the ventral side of 
the rhombencephalon and caudal to the pontine flexure next to the auditory ganglia. The 
inner ear persisted during the observation period, as demonstrated by the 3D coordinates, 
with Pg and C1 serving as points of reference (Fig. 5, Table 2). The Edvs located 0.63 
and 1.74 mm dorsal to the Pg-C1 lines (Lvz in Figure 1C) as well as the Lvc to Lpc 
ratio remained almost constant (i.e., between 0.42 and 0.47) after CS 18 (Table 2). The 
axis of the endolymphatic ducts (Ax) was tilted after CS18 (Fig. 5); ∠a was between 
39.9° and 43.7°, whereas ∠b was between 48.0° and 62.9° after CS18. The tilt angle 
between the plane of the lateral SD and z-axis (∠c) was at 8.0°–14.6° between CS19 
and PE, indicating that the plane was never oriented horizontally during the observation 
period (Fig. 5, Table 2). 
Although precise morphometry was not applied in the present study owing to 
the small size and complexity of the inner ear at the developmental stages examined, the 
following features are worth noting (Fig. 5 and Supplementary Video 9). CDs were 
located on the latero-ventral side of the pontine, and the vector normal to the CD plane 
was mostly oriented in the direction of the auditory ganglion (blue arrows in Fig. 2B). 
The orientation of Ax was similar to that of the common crus (Fig. 2BC).
Discussion 
The differentiation of the inner ear membranous labyrinth from CS17 to PE was 
investigated by 3D analysis. The time course of SD formation at each CS was consistent 
with those reported in previous studies (O’Rahilly, 1983; Arnold and Lang, 2001; 
Yasuda et al., 2007). The major findings were as follows. The three SDs in order of 
decreasing size were anterior, posterior, and lateral; the order was established starting 
from CS18. The morphological features and developmental time course of the lateral 
SD differed from those of anterior and posterior structures, developing more slowly at 
CS17 and assuming a small, skewed, and twisted shape. The posterior canal extended 
downwards over the lateral canal, which is a prominent feature in humans (Sercer and 
Krmpotic, 1958) that became increasingly obvious during the observation period. 
Finally, the angle between the anterior and posterior SDs was wide at initial formation 
(between CS18 and CS21), although it could not be precisely measured owing to the 
small size and torsion of these structures. The three SDs were almost vertical with 
respect to each other at the PE phase. The relationship among the three SDs in adults is 
controversial, with several studies reporting a wide angle (104°–111°) between anterior 
and posterior SDs (Spoor et al., 1998; El Khoury et al., 2014) and others describing the 
three SDs as being almost parallel to each other (Hashimoto et al., 2005; della Santina et 
al., 2005), as observed in the present study. 
The spiral turn of the CD was unique and gave this structure a distinct 
morphology. Previous studies have described the relationship between developmental 
stage and the turn of the CD. The coiling of the CD was first detected at CS18, as 
described in earlier reports (Streeter, 1951; Gasser, 1975; O’Rahilly and Müller, 1987; 
Yasuda et al., 2007; Arnold and Lang, 2001). However, the time taken for completion 
of the spiral turns is unclear. Previous studies based on CS found that the CD completes 
2.5 turns (a definitive number) at CS23 (Streeter, 1951; Gasser, 1975; O’Rahilly and 
Müller, 1987); however, another report found that 30-mm embryos had between 1 and 
1.5 turns while 40- to 50-mm embryos had 2.5 turns (Altman, 1950). We observed that 
the CD was discoid with about 1.5–2 turns in almost the same plane at CS23, and was 
conical with > 2 turns at the PE phase. The 3D data indicated that the CD was still in the 
process of coiling at CS23. 
The spatial relationship between the cochlear and vestibular parts of the inner 
ear was revealed by the 3D analysis. There was bending in the medial direction between 
the two parts in the latero-caudal view, while the cochlea showed forward (in the cranial 
direction) and upward displacement at the PE phase during the observation period. 
These changes are prominent features of the developing human membranous labyrinth 
(Sercer and Krmpotic, 1958). A morphometric and morphological analysis of bone 
labyrinth was recently carried out in embryos at 9.4 to 29.2 weeks of gestation (Jeffery 
and Spoor, 2004); that is, immediately following the embryonic stages examined in the 
present study. The SDs were comparable in size to those measured in the previous study, 
although we measured the centerline length of the three SDs of the membranous 
labyrinth, whereas the other study measured the semicircular canal radius of the bone 
labyrinth, which was reconstructed in the fetal periods and was similar to our 
reconstruction at the PE phase. However, their detailed morphometric analysis indicated 
that the early fetal bone labyrinth differed significantly from the structure in adults. In 
our samples, the membranous labyrinth was too small to measure; a higher resolution 
imaging method is necessary for a detailed morphometric analysis and comparisons 
between fetal and adult structures. 
We estimated the movement of the external ear using Pg and C1 (z-line) as 
reference points, and found that the external ear did not undergo migration and that any 
movement—which was mostly in the lateral and not cranial direction—can be explained 
as differential growth (Gasser, 2006). We have previously described the movement of 
the inner ear (vestibule), which remains next to the pontine (Kagurasho et al., 2012). 
The distance between the inner and outer ears was nearly constant throughout 
development, although their relative positions changed. Our detailed study of the inner 
ear by high-resolution PCXT and MRI revealed limited movement of this structure 
during the embryonic period. A recent report indicated that the close proximity of the 
inner ear and hindbrain and mesenchyme is necessary for normal development (Liang et 
al., 2010; Nakajima, 2015). 
It is worth noting that the lateral SD was almost parallel (8.0°–14.6°) to the z- 
(Pg-C1) axis during the observation period, consistent with previous observations 
(Blechschmidt, 1961; Streeter, 1906; O’Rahilly and Müller, 2006). The lateral SD is 
also referred to as the horizontal SD, and is typically depicted in the horizontal 
orientation in textbook illustrations (Drake et al., 2005) and 3D models of the lateral 
cranium. The actual position of the lateral semicircular canal was about 20°–25° above 
the Z-REID plane (della Santina et al., 2005; El Khoury et al., 2014) and/or 30° above 
the horizontal plane (Parnes et al., 2003). On the other hand, the line connecting the 
references (Pg and C1) was orthogonal to the horizontal plane in adults, suggesting that 
the orientation of the inner ear changes drastically after embryogenesis. 
A recent study showed that the lateral bone could be reconstructed in three 
dimensions except around the bone labyrinth (Gussen, 1968; Sørensen et al., 2007). It 
has been suggested that the fetal labyrinth shows little or no change in shape after 
attaining the adult size and becoming embedded in the ossified otic capsule; however, 
the orientation may change, given that the development and differentiation of the brain 
influence construction on the basal cranium and pyramid (petrous bone) (Jeffery and 
Spoor, 2002). In addition, environmental factors such as the erect posture adopted after 
birth—which causes changes to the base of the skull and consequently, produces forces 
that act on the labyrinthine capsule and alter its position as well as its shape—must be 
taken into account (Sercer and Krmpotic, 1958; Spoor et al., 2003). 
The present 3D analysis describes the time course of differentiation of the inner 
ear membranous labyrinth from CS17 to the PE phase, providing novel insight into how 
the orientation of the inner ear changes with respect to the body during development 
and growth, from embryonic stages to adulthood. 
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Figure legends 
 
Figure 1. Definition of the reference axis, anatomical landmarks, and 
morphometry in the present study. 
A: Latero-cranial view illustrating the morphometry of the inner ear. 
The broken line indicates the center line of semicircular and cochlear ducts used for 
measurements. A, anterior (blue); CD, cochlear duct (black); L, lateral (green); P, 
posterior (red). 
B: Caudo-lateral view showing the basal turn of the CD in a single line. 
IEL; inner ear length representing the maximum length between the endolymphatic sac 
and CD; Lcdh, distance between the tip and plane of the basal turn of the CD; ∠cdv, 
angle between cochlear and vestibular parts. 
C, D: Cranial (C) and lateral (D) views of anatomical landmarks used to measure 
the position of the inner ear. 
Ax, axis of the endometrial duct; C1, first cervical vertebra; Edd and Edv, dorsal and 
ventral points, respectively, along the endolymphatic duct; Ev, eye vesicle; Pg, pituitary 
gland; ∠a, tilt angle between the axis of endolymphatic duct and mid-sagittal plane; ∠b, 
tilt angle between the axis of endolymphatic duct and z-axis; ∠c; angle between the 
lateral semicircular duct and z-axis, Lvz; distance between Edv and z-axis, Lpc; length 
between Pg and C1, Lvc; length between Edv and C1 along the z-axis. 
 
Figure 2. Morphology of the left inner ear from CS17 to the PE phase (greatest 
length, 38.6 mm). 
A: Representative images of the MRI and PCXT for the reconstruction of inner 
ear. 
Red line indicates the plane corresponding to the transverse sections a, b, and c in the 
3D reconstruction. Di; diencephalon, E; external auditory meatus, M; middle ear, Oc; 
otic capsule, p; pinna, Ro; rombencephalon, v; trigeminal ganglia, viii; auditory and 
facial ganglion. 
B: Left caudo-lateral view. In the end lymphatic appendage, the CD (purple) was 
observed laterally and the SDs (yellow) were visible. 
C: Left latero-cranial view. The anterior SD, turns in the CD, endolymphatic sac (Es), 
and saccule (S) were visible. A, anterior; CD, cochlear duct; L, lateral; P, posterior; PE, 
postembryonic; U, utricle; ; common crus. Scale bar = 1 mm. 
 
Figure 3. Morphology of the left inner ear illustrating the spatial relationship 
between the three SDs at the PE phase (greatest length, 38.6 mm). 
The three SDs were vertical and parallel to each other; the anterior SD was circular, 
while the lateral SD was twisted. A, anterior; CD, cochlear duct; , common crus; Dr, 
ductus reuniens; Es, endolymphatic sac; L, lateral; P, posterior; S, saccule. Scale bar = 1 
mm. 
 
Figure 4. Length of the inner ear, CD, and three SDs from CS18 to the PE phase. 
A, anterior; C, cochlear duct; IEL, inner ear length; L, lateral; P, posterior. 
 
Figure 5. Relative positions of the embryonic brain and inner ear. 
3D reconstructions of the inner ear and brain (upper), and illustrations from 
reconstructions based on PCXT images at CS18 and MR images at PE (lower). Pg, 
pituitary gland; C1, cranial part of the first vertebra. The caudal cranial (z-) axis is 
indicated by a broken line. 
 
Figure 6. Position of the inner ear from CS 18 to PE phase. 
∠a; angle from the cranial view between the axis of the endometrial duct (Ax) and the 
mid-sagittal plane, ∠b; angle from the lateral view between the Ax and z-axis, ∠c; 
angle between the lateral SD and z-axis. The measured angle is indicated in Figure 1C 
and D. 
 
Supplemental Videos 1–8. 
Morphology of the inner ear from CS17 to the PE phase (greatest length, 38.6 mm). 
 
Supplemental Videos 9 and 10. 
Relative positions of the embryonic brain and inner ear from CS 18 to the PE phase 
(greatest length, 43.5 mm). 










